We show the photodetachment cross sections of H − near a metal surface can be modified using a weak static electric field. The modification is possible because the oscillatory part of the cross section near a metal surface is directly connected with the transit-time and the action of the detached-electron closed-orbit which can be changed systematically by varying the static electric field strength. Photodetachment cross sections for various photon energies and electric field values are calculated and displayed.
I. INTRODUCTION
Great interest in the photodetachment of negative ion in electric and magnetic fields has grown since 1980s when scientists observed oscillatory photodetachment cross sections for negative ions in a static electric field [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16] . In the same time, energy level shifts and other interesting dynamics for Rydberg atom near a metal surface have also been studied [17, 18, 19, 20, 21] . Recently Yang et al studied the photodetachment process of H − near an interface [22] . Inspired by these studies, the photodetachment process of a negative ion near a metal surface has been proposed and studied recently by Zhao and Du [23, 24] . They showed that the image charge inside the metal induces an oscillation in the photodetachment cross section above threshold. Further more, it was predicated that the oscillation exists only when the detached-electron energy is less than
, where d is the distance between the initial negative ion and the metal surface.
Below photodetachment threshold the quantum tunneling effect makes the photodetachment cross section finite.
In this article, we consider the coherent control of the photodetachment process of a negative ion such as H − near a metal surface by using an additional static electric field. We will show by adding a static electric field the photodetachment cross section will become oscillatory above threshold and the energy limit mentioned above for the oscillation in the presence of only a metal surface will be removed. In addition, when the static electric field is applied, the photodetachment cross section is controlled by the transit-time and the action of one detached-electron closed-orbit. Because the static electric field can systematically change the transit-time and the action of the closed-orbit, it can modify the photodetachment cross section in a systematical way. Atomic units will be used unless specified otherwise.
II. HAMILTONIAN AND CLOSED-ORBIT
The system is shown schematically in Fig.1 . A negative ion H − is near a metal surface.
An external static electric field F perpendicular to the metal surface is applied. We assume the z-axis is away from the metal surface and the photon polarization direction is also in the z direction. Using the image method [17, 24] , the Hamiltonian for the detached-electron in cylindrical coordinates can be written as
The first four terms in Eq.(1) describe the motion of the detached-electron near a metal surface [23, 24] . The last term is new and it represents the static electric field. Note the constant term 1 4d
does not change the dynamics. It is added to set the value of the total potential zero at the origin.
According to the closed-orbit theory [25, 26] , the photodetachment process can be described as follows. The negative ion H − is initially in an s state and the active electron is loosely bound by the hydrogen atom. When the laser is on, the negative ion may absorb a photon of energy E ph and the active electron becomes an outgoing p-wave. The wave then
propagates away from the hydrogen atom in all directions. When the distance between the detached electron and the hydrogen atom is large, a semiclassical description for the electronic motion is appropriate. If there are closed-orbits in the system, the detached-electron wave can follow the closed-orbits and returns to the initial negative ion region. When this happens, the returning waves will interfere with the initial outgoing wave to produce oscillations in the photodetachment cross section. Following earlier study, it is assumed that the metal absorbs the electron when the electron hits the metal [23, 24] . In Fig.2 
where d is the distance between the metal surface and the negative ion. In this article we will first fix d = 60a 0 and discuss the modifications in the cross sections by varying the static electric field. The effect of changing the distance will be briefly discussed later. In Fig.2 the potentials in Eq.(1) are displayed for static electric field F = 0F ef f , 0.3F ef f , 0.6F ef f and 0.9F ef f respectively. The heavy black curve labeled by F = 0F ef f is the image potential of the metal surface without the electric field considered previously [24] . In this case, we found that if the detached electron energy is less than
, there is a closed-orbit in the system. If the detached electron energy is greater than
, there is no closed-orbit. According to closedorbit theory, the photodetachment cross section is oscillatory when the detached-electron is above threshold and less than 1 4d
. The oscillatory cross section merges to a smooth cross section for detached-electron energy equal to 1 4d
. When the static electric field is present, the potential keeps increasing as z is increased. We find there is always one closed-orbit above threshold. As illustrated in Fig.2 , this closed-orbit leaves the negative ion in the z-direction and finally returns to the negative ion after it is turned around by the image potential of the metal surface and the static electric field. Fig.2 also suggests the transit time of the closed-orbit decreases as the static electric field F is increased. Numerical calculations will confirm this observation later.
III. FORMULAS FOR PHOTODETACHMENT CROSS SECTION
When the static electric field is on, the same procedure [24] can be used to derive the photodetachment cross section. We will briefly summarize the results. For detached-electron energy E ≥ 0, the photodetachment cross section is a sum of two terms,
where
is the smooth background and is equal to the cross section of free negative ion without the metal surface and the static electric field, and σ r (E, d, F ) is the oscillating part of the cross section given by
where T (E, d, F ) and S(E, d, F ) are respectively the transit time and the action of the closed-orbit. The transit time and the action can be calculated using the following integrals
The momentum p z in the z-direction is readily obtained from Eq. (1) as
z m is the turning point of the closed-orbit and can be obtained by setting p z to zero. If we denote the parameter
, then
In both Eq. (4) 
and
where z n < 0 is another point corresponding to p z = 0 in Eq. (7) and is given by
F (γ, λ) and E(γ, λ) (This function should not be confused with the energy E.) are, respectively, the elliptic integrals of the first kind and the second kind [27] . The two parameters are defined as
Although the analytical expressions for T (E, d, F ) and S(E, d, F ) are derived above, in practice, we find it is easier to evaluate the integrals in Eqs. (6) numerically. For detached electron energy E < 0, the cross section is finite because of a quantum tunneling effect.
Following the earlier work [24] , the above threshold photodetachment cross section joins to the following formula below threshold
and the formula for z t has the same expression as z m in Eq.(8) except the energy E is negative.
IV. MODIFYING CROSS SECTIONS
We have expressed the cross section in terms of the transit time and the action of the only closed-orbit for the system in Eq.(1). We now fix the distance d between the negative ion and the metal surface to be 60a 0 and study how the static electric field modifies the transit time and the action of the closed-orbit. In Fig.3 we show the dependence of T (E, d, F ) and S(E, d, F ) on the detached electron energy for static electric fields F = 0F ef f , 0.3F ef f , 0.6F ef f and 0.9F ef f , respectively. We calculated the transit time 
As the electric field strength is increased, both the transit time and the action of the closed orbit decrease. The changes in the transit time and the action of the closed orbit are directly reflected in the total photodetachment cross section. Simple analysis of the formula in Eq. (5) suggests the oscillation amplitude is increased but the oscillation frequency is decreased as the static electric field strength F in Eq.(1) is increased. In Fig.4 we display the calculated cross sections corresponding to F = 0F ef f , 0.3F ef f , 0.6F ef f and 0.9F ef f .
The results are consistent with our expectations. In the presence of the static electric field the photodetachment cross section is oscillatory above threshold. The oscillation amplitude becomes larger while the oscillation frequency becomes smaller as the electric field is increased.
Regarding the variation of the action S with respect to the static electric field in the present system, we can apply a theorem [26] to get
The integral on the right side of Eq. (16) Finally we emphasize that although the above analysis is made for a distance d = 60a 0 between the negative ion and the metal surface, similar phenomena occur at other distances. The photodetachment process can be described as follows: in the first step, the negative ion absorbs a photon and an outgoing detached electron wave is created; in the second step, the detached electron wave propagates away from the metal surface; in the third step, part of the detached electron wave is turned around and returns to the negative ion, where it interferes with the outgoing wave to produce oscillations in the cross section. The light solid curve in this figure is the same as the light solid curve in Fig.4 .
